This work presents a combined light and electron microscopical approach to investigate the initial breakdown of the retinal pigment epithelium (RPE) and choriocapillaris (CC) in age-related macular degeneration (AMD). Perimacular sections of 12 dry and wet AMD eyes (82 AE 15 years) and 7 agematched controls (75 AE 10 years) without retinal pathology were investigated. Disease progression was classified into 5 stages of retinal degeneration to investigate the concurrent CC breakdown. Special emphasis was laid on transitions where intact CCeRPEeretina complexes went over into highly atrophied areas. AMD sections showed elevated loss of photoreceptors, RPE and CC (p < 0.01), and thickened Bruch's membrane with increased basal laminar and linear deposits compared with controls. Up to 27% of the CC was lost in controls although RPE and retina were still intact. This primary loss of CC further increased with AMD (up to 100%). The data implicate that CC breakdown already occurs during normal aging and precedes degeneration of the RPE and retina with AMD, defining AMD as a vascular disease. Particular attention should be given to the investigation of early AMD stages and transitional stages to the late stage that reveal a possible sequence of degenerative steps with aging and AMD.
Introduction
Age-related macular degeneration (AMD) is the major cause of vision loss in the elderly individuals of the western world (Kocur and Resnikoff, 2002; Prokofyeva and Zrenner, 2011) . It is a multifactorial late-onset disease (Herrmann et al., 2013) , the main factors being smoking, obesity, and genetic predisposition (Liu et al., 2012) , but primarily aging. AMD is characterized by changes in the retinal pigment epithelium (RPE), Bruch's membrane (BM), and choriocapillaris (CC), which together facilitate retinal degeneration predominantly in the macular region of the eye.
The RPE and CC share a mutualistic relationship, if one is compromised, the other will follow and thus both may degenerate within a short time of each other (Bhutto and Lutty, 2012) . Many research and review articles have addressed the factors for onset and progression of AMD in the last 10 years, however, the actual order of degeneration in the choroideRPEeretina interface is still not fully understood (Bhutto and Lutty, 2012; Lutty et al., 1999) .
Actually, also in the brain, loss of microvascular density and basement membrane thickening with aging precede cerebrovascular dysfunction and successive age-related neurodegeneration, for example, in vascular dementia and Alzheimer's disease (Brown and Thore, 2010) . Smoking, obesity, and hypertension contribute to both Alzheimer's disease (Sierra, 2012) and AMD, and both diseases are associated with amyloid and heavy metal deposition. These examples already reflect the obvious, but until now rarely studied communalities within these and other age-related neurodegenerative disorders. The present work aimed to investigate different stages of AMD in human donor eye tissue by light and electron microscopy to find out whether CC breakdown precedes RPE degeneration with age and AMD. In addition, high-resolution overview images of AMD histology are presented, which show sites of the degenerating retina which are directly facing other areas with surviving photoreceptors (Supplementary Figs. 1e3 ). microscopy (EM). If possible, the samples were excised right at the border between atrophied and healthier regions (only in AMD eyes) to facilitate investigation of the transition areas.
AMD eyes
Glutaraldehyde-fixed tissue samples of the perimacular central region of 12 AMD donor eyes (age 71e100 years; mean 82 AE 15 years; Table 1 ) were obtained from the Cole Eye Institute of the Cleveland Clinic Foundation (USA). The death to fixation time was 13 AE 12 hours. The eyes were investigated by experienced ophthalmologists who stated the AMD type of both eyes including the different types of lesions found in each eye. The pathology reports also stated the cause of death and further diseases. Written informed consent of the donors for use in medical research and additional approval of the Institutional Review Board of the University of Tuebingen were obtained. The experiments were performed in adherence to the tenets of the Declaration of Helsinki.
Control eyes
Healthy donor eyes without known ophthalmic diseases were sectioned and investigated histologically. All eyes showing increased age-related lesions like RPE detachment or outer segment loss, or even geographic atrophy (GA) or choroidal neovascularization (CNV) and thus, resembling clinically unrecognized AMD or another pathology were excluded from the cohort of control eyes. Finally, 9 agematched eyes aged 57e85 years (mean age 75 AE 10 years; death to fixation time 19 AE 10 hours; not significant [NS] to AMD) were integrated in this study and served as healthy controls ( Table 2) .
The eyes were obtained from the Institute of Anatomy and the Eye Hospital Tuebingen with informed consent of the donors and approval of the Institutional Review Board of the University of Tuebingen. They were opened with a circular slit at the limbus and fixed overnight at 4 C in 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). Then the iris and vitreous were removed and the perimacular region was excised according to the AMD samples and further prepared for EM as follows.
Embedding
Small pieces (1.5 mm 3 ) of already fixed perimacular tissue samples were washed 3 times in 0.1 M cacodylate buffer, postfixed in 1% osmium tetroxide, stained with uranyl acetate and dehydrated in a graded series of ethanol and propylenoxide and embedded in Epon. All EM reagents were purchased from FLUKA (Sigma-Aldrich, St. Louis, MO, USA) and PLANO (Wetzlar, Germany).
Correlative light and electron microscopy
For each eye, one representative 2e3 mm long semithin perimacular section of the retinaechoroid complex was stained with toluidin blue and completely photographed with 600Â magnification by light microscopy. The images were rearranged with the photomerge function of Adobe Photoshop CS3 or the Microsoft ICE tool yielding a panorama overview containing up to 200 single images (examples in Figs. 1e6 and the Supplementary Figs. 1e3 , with about 50 single images each). By zooming into this panorama, different topics were addressed individually and in context with the surrounding tissue. For example, the presence or absence of photoreceptors, RPE, basal deposits, and CC were quantified in whole semithin sections (about 2e3 mm length of BM), within central areas of the single stages and, if apparent, directly at the transitions (investigated over a length of 200 mm of BM; frames in Fig. 1A ).
Three subsequent ultrathin sections were investigated by EM yielding subcellular information of the same area, for example, No AMD  16  Hemorrhagic shock  I, I, I  C2  67  F  No AMD  21  Respiratory failure  I, IeII, II  C3  68  F  No AMD  6  Massive hemorrhage  II, II, II  C4  75  M  No AMD  38  Cerebral edema  II, II, II  C5  78  M  No AMD  21  Circulatory failure  I, IeII, II  C6  80  M  No AMD  22  Aspiration and/or laryngeal cancer  II, II, II  C7  80  M  No AMD  26  Circulatory failure  II, II, II  C8  81  M  No AMD  8  Cardiac failure  II, II, II  C9  85  F  No AMD  Unknown  Unknown  II, II, II Key: AMD, age-related macular degeneration; F, female; M, male.
integrity of the endothelium and number of fenestrations. If a panorama overview was also needed for the EM investigations, for example, for proper investigation of vessels and photoreceptors within the same image, it was made using the multiple image alignment function of the iTEM 5.0 (Olympus) software (Fig. 6B ). Of each one representative semi and ultrathin section per donor, semiquantitative evaluations were performed as follows (2.4e2.7).
Grading of histologic stages
After a first examination of both AMD and control panorama overviews, 3 independent areas of 200 mm length were selected per section, and each graded in 1 of 5 stages of retinal and RPE degeneration by 2 independent researchers. The stages were defined as follows: shown is a transition between a highly atrophied region on the left (photoreceptors, RPE, and CC lumina are completely absent) and a histologically complete area on the right (complete photoreceptors, confluent RPE, open capillaries, basal deposits begin to detach the RPE from the BM). According to the scheme in (C) they were defined as stages IV and II, respectively. (B) Light microscopical panorama image of a section from a wet AMD donor: on the left, the RPE is still in contact with the Bruch's membrane and is separated from the photoreceptors by a subretinal space (*, stage II). This area goes over into an area with occult CNV as the RPE layer is separated from the Bruch's membrane by a CNV sheet with newly formed blood vessels (arrowheads Stage I: healthy (photoreceptors contain clearly distinguishable inner and outer segments, the RPE builds a continuous monolayer, no, or few deposits between the RPE and Bruch's membrane).
Stage II: normal age-related early retinal and RPE damage, that is, either changes in the structure of photoreceptors (shortened outer segments, first loss of photoreceptors foremost at transitions of AMD sections) or an irregular or hyperplastic but still confluent RPE monolayer or thickened BM.
All control sections used in this study were selected to fit in one of the first 2 stages I and II. Samples of control donors, which showed any AMD-related pathology like RPE or retinal degeneration were excluded from the examination.
Stage III: occult CNV (or type 1 neovascularization [Freund et al., 2010] ), that is, blood vessel outgrowth through a thickened BM, with vessels close to the RPE but not infiltrating the subretinal space. Photoreceptors already impaired, but present.
Stage IV: GA, that is photoreceptor outer segments, inner segments, and the RPE are completely absent and degenerated leaving behind only single cells if any. The subretinal space is more or less abolished when the outer nuclear layer is touching Bruch's membrane.
Stage V: classic CNV (or type 2 neovascularization [Freund et al., 2010] ), that is, the outgrowth of blood vessels through the not always present RPE layer into a highly damaged retina.
These 5 stages were put into a scheme, which is illustrated in Fig. 1c . This scheme is adapted from Sarks (1976) and shows the progression of the disease as a function of RPE and retinal destruction.
Seven sections of 7 different AMD donors were investigated more thoroughly, yielding changes in the RPE and choriocapillaris directly at transitions between different stages (Fig. 2) . Transitions from stages IIeIV were most common (5 donors), followed by stage IIeV (2 donors). Transitions from I to II, IV to V and III to V occurred only once.
The following questions were addressed: 1) CC breakdown was investigated in relation to the RPE or retinal presence to answer the question whether the RPE or CC dies first with AMD progression. 2) The same stage of AMD progression was investigated and compared with samples of different donors, for example, differences in stage II of donors with dry or wet AMD help to explain the progression in the given direction.
Quantification of photoreceptors, RPE, BM, and CC
Fig. 2 shows how transition stages between healthier and more damaged areas, here stage II to stage IV, were analyzed. The spaces covered by photoreceptors, RPE, basal deposits, or CC were investigated and correlated to each other using the common unit "percent of BM length". This nomenclature gives no information about the morphology or quality of tissue, but it indicates whether a certain tissue layer is present or absent in this area. Using this approach, the "kinetics" of degeneration, for example, whether the RPE or CC fades away first were investigated histologically.
Measurement of photoreceptors
The area covered by outer and inner segments was measured per mm length of BM in semithin sections. Photoreceptor nuclei were counted in nuclei per row.
Bruch's membrane and basal depositions
The thickness of BM was measured in the semithin sections at 3 positions per section yielding the distance between the CC basal membrane and the RPE basal membrane. If BM was thickened, that area was investigated on a semiquantitative basis as performed in Curcio et al. (1998) and van der Schaft et al. (1992) : that is, (0) no deposit, (1) patchy deposit <125 mm length, (2) thin continuous with >125 mm length and <2 mm height, (3) thick continuous with >2 mm height. The type of deposit (linear, laminar) was addressed at 20, 000Â magnification in the EM. Basal linear deposits (lin) were defined as being between the RPE basal lamina and the inner collagenous layer of BM (Green and Enger, 1993) . Basal laminar deposit was defined as being between the RPE basal lamina and the RPE cell membrane (Loffler and Lee, 1986) .
Measurements in the CC
The areas of the lumina of the CC capillaries were measured (mm 2 /mm BM). Additionally, 2 markers for CC integrity, fenestration and length of CC layer present were addressed as follows.
The number of fenestrations per mm of CC endothelium was counted in 30 images with 50,000Â magnification. Only fenestrations facing the RPE side were counted, also if further fenestrations were visible on the choroid-faced side. ) illustrate the areas of degenerated (no endothelium) or shrunken capillaries, which can be empty or contain extracellular matrix or alien cells. In stage II, about 90% of the CC is present, whereas in stage IV about 40% of the CC has disappeared. Photoreceptors (PR) were measured as follows: nuclei were counted in rows (filled circles), inner segments per mm BM, (dotted line) and outer segments per mm BM (as the inner segments, not shown) (see digital version for color and magnified images). The whole section panorama image of this donor tissue is presented in Supplementary Fig. 3 ). Abbreviations: BM, Bruch's membrane; CC choriocapillaris; RPE, retinal pigment epithelium.
The whole length of the capillary layer including endothelial cell bodies and pillars was quantified (Fig. 2) . CC was defined as being present when the capillaries were covered by a light microscopically visible endothelium and filling the whole space between 2 pillars of Bruch's membrane (green brackets in Fig. 2 ). If a capillary was shrunken, that is, a space appeared between pillar and endothelial wall, or a vessel was completely absent (no capillary on a length of more than 10 mm between neighboring capillaries) then this area was defined as lacking CC (red brackets in Fig. 2 ). If unclear, this was controlled by EM. Examples of such absent or shrunken capillaries in higher magnification are illustrated in Fig. 3 . In comparison to measuring only the area of CC vessel lumina, this approach yields additional information on the overall composition and integrity of the whole CC layer and thus more accurately describes CC density. It is also less vulnerable for postmortem artefacts like capillary collapse. Percent coverage of CC length can also more easily be compared with RPE length as it is used in the analyses for Figs. 7e9, where local degradation of either RPE and/or CC is investigated.
Statistical analysis
Statistics were performed using either Student t test for parametric analyses or the WilcoxoneManneWhitney test for nonparametric data sets. The null hypothesis was that the AMD affected samples were histologically not different from the control samples. All p-values <0.05 were stated significantly different (error probability 5%). Linear regression analyses yielded the interdependency of RPE and CC survival in the different stages.
Results

Whole section analysis
Histologic changes in AMD compared with healthy control were addressed in whole perimacular sections of 12 AMD donor eyes and 9 control eyes.
All control sections did fit in one of the 2 first stages I and II. They showed a complete retina and RPE over section length (each about 100%), basal deposits were not present or few in number and area, leading to a mean thickness of BM of 3 AE 1 mm.
Compared with controls, AMD sections showed areas with loss of photoreceptors (nuclei, inner, and outer segments, all p < 0.01), RPE (p ¼ 0.009), and CC (p < 0.0001). Bruch's membrane was thickened and basal deposits were more pronounced in AMD sections (p ¼ 0.006 to controls).
In 7 of the 12 AMD sections such degenerative areas were directly facing other areas with intact retinaechoroid complexes. These transitions are described in detail in Section 3.2.
Choriocapillaris
Loss of choriocapillaris density was identified as empty spaces beside shrunken capillaries or enlarged pillars (Fig. 3) . With AMD, the areas covered by CC lumina were halved in value compared with controls (p < 0.0001, Fig. 4A and B) . Also the number of fenestrations in the remaining vessel endothelia was greatly decreased (p < 0.0001, Fig. 4C and D) . A detailed analysis of CC breakdown in relation to the RPE is presented in Section 3.2 (Figs. 8 and 9 ).
Bruch's membrane and basal deposits
Semithin sections revealed the thickness of Bruch's membrane and the abundance of basal deposits, whereas EM sections clarified whether basal laminar or linear deposits were accumulating (Fig. 5) . In Table 3 , the results per donor are presented. Healthy control sections showed foremost small amounts of deposit formation, which were predominantly composed of basal laminar material. The AMD samples showed higher amounts of deposit formation, which were often continuously spread over the whole section length. All contained laminar deposits. Photoreceptors and the RPE are completely lost, leaving a scar. The CC is highly impaired, only one shrunken capillary (resembling that shown in (C) remains on the left side), whereas the CC is completely absent in the rest of the image showing foremost ghost vessels with loss of endothelia. The arrowheads point to deeper choroidal vessels with intact endothelia. Nevertheless, typical pillars (p) can be recognized showing where the vessels were originally situated. Using LM, the elastica of Bruch's membrane (BM) can be clearly recognized (e). (B) EM image of an AMD section where 1 capillary is entirely lost between 2 complete capillaries (black arrows). The space left is filled with macrophage-like cells. The arrowhead points to a pillar (p). By EM, BM can further be investigated: the elastic layer is calcified, basal laminae of RPE (BLR) and CC are not always discernible and fuse with the collagenous material. (C) EM image of another AMD eye, where a choriocapillaris lumen has shrunk to about 1/4 of its original size. Its basal membrane (BLC) surrounds only the small remaining capillary. The space between the remaining vessel and the original flanking pillar (p) is not yet filled with extracellular material. BM is slightly thickened, only the basal membrane of the RPE (BLR) is still completely discernible. Basal laminar deposits (BLD-arrowhead) are present. Abbreviations: AMD, age-related macular degeneration; CC choriocapillaris; EM, electron microscopy; LM, light microscopy; RPE, retinal pigment epithelium.
Retinal pigment epithelium
The RPE was present in controls and early AMD but completely lost in areas of severe degeneration (97% AE 7% present in control; 63.7% AE 27% present in AMD sections; p ¼ 0.009 to control).
In the earlier AMD stages, the RPE showed more morphologic changes rather than the absence of cells. The cells were often hypertrophic, microvilli clumped together or completely absent. Heavy deposition of basal waste was often associated with basal detachment of single, hypertrophic cells into the subretinal space. However, areas where the photoreceptors were already completely degenerated and the nuclei of the remnant retinal cells did reach to the underlying tissue were also free of the RPE in most cases. In these areas, the subretinal space had completely collapsed. On the other hand, when the subretinal space was still separating the degenerating photoreceptors from the underlying tissue, the RPE was also still present ( Figs. 1 and 6, Supplementary Fig. 2 ).
Photoreceptor layer
The photoreceptors of AMD donors were highly degenerated as compared with those in controls (Table 4) . When investigating photoreceptor loss, it was obvious that outer segments were the first to be lost with AMD. Already in stage II, first lesions could be observed, but mainly at the transitions going over into more damaged areas (stage II, 64% AE 42% of BM; stage IV, 0%). The inner segments were much more robust but absent with late stage AMD (stage II 76% AE 33% BM; stage IV 10% AE 22% BM). Photoreceptor nuclei were also lost with late stage AMD (6 AE 2 rows of nuclei in controls; IV 2.8 AE 3 rows of nuclei; V 0 rows;). Statistics showed significances between stages I or II as compared with stages IV and V, respectively (all p < 0.001).
In the late stage CNV, surviving photoreceptors, where just the outer segments were missing, were only observed at 3 small areas (80e500 mm; Fig. 1B, Fig. 6A and B, and Supplementary Fig. 2) . Here, the RPE cells were also still present forming a continuous layer and were separated from the photoreceptors by a clearly recognizable subretinal space. However, up to 50-mm thick CNV sheets separated them from the remnant CC vessels. These comparatively healthy areas were surrounded by otherwise highly degenerated neovascularization scars. In the morphologically more intact areas, functional CNV vessels (defined as containing an intact endothelium, an open lumen and pericytes, and optionally with red blood cells; vessels 2e4 in Fig. 6AeC ) were also observed more frequently than in scar tissue, where CNV vessels were often degenerating and showed leaky endothelia as judged by either loss of cell connections or death of whole endothelial cells ( Fig. 6D and E, and Supplementary Fig. 2 ). CNV vessel morphology resembled mostly that of capillaries of the CC, but often they also displayed very large lumina and endothelial walls of different thickness. In addition, artery-like and venule-like vessels were observed. Typical pericytes such as that shown in Fig. 6C were seldom seen, but fibroblast-like cells were often found accompanying the endothelial membrane of CNV vessels ( Fig. 6D and E) .
Analysis of transitional stages
Combined analysis of choriocapillaris and RPE in transition stages
Outside of transitions, areas where either the RPE or CC was missing whereas the other survived were equally abundant, thus a primary destruction of either tissue was hard to identify. Thus, the changes with AMD progression were investigated at transitions between 2 stages. Seven AMD donors showed such transitions ( Table 1) . As an example, the mean values for transitions between stage II and IV and transitions between stage II and V are illustrated in Fig. 7 . RPE and CC loss from stage II to stage IV are significant. The data indicate also that the CC is always more damaged in stage II compared with the RPE (NS) suggesting first loss of CC followed by RPE. It also shows that the RPE in stage II of donors with GA is already more damaged compared with the RPE in stage II of CNV.
In Fig. 8A , the transition data were resorted according to the single stages (independent of their transition partner stage) yielding changes to the RPE and CC with AMD progression.
The data confirm the results of Fig. 7 and additionally prove that even control sections could suffer from initial loss of intact vessels with an otherwise intact RPE layer. This is also illustrated in the To investigate whether the RPE or CC was surviving whereas the other one had already disappeared, those areas were measured where either the RPE or the CC, both or none of these layers were lost. For better understanding refer to Fig. 9A . Fig. 9BeC illustrates the relation of the present and lost RPE and CC for the different stages of destruction in dry and wet AMD and for control sections. Again, sections which appeared normal at first sight already contained areas where the CC area was decreased (control and stage I [0%e30%]). This can only be investigated using detailed analyses as performed in Fig. 9 . In early AMD (stage II) of both wet and dry AMD donors, RPE cells also showed first lesions but CC area loss was still more prominent. In wet AMD (Stage III, V), the CC was affected more severely compared with the RPE, which was counterbalanced by blood vessel outgrowth.
Discussion
The main focus of the present work was to find out whether RPE or CC loss precedes retinal degeneration with AMD, independent of the AMD type. Already in the late 60s, scientists were discussing whether the CC (Duke-Elder, 1966) or BM and RPE (Hogan, 1967 (Hogan, , 1972 were the initiators of AMD (Sarks, 1976) . However, this question still remains to be solved as the RPE and CC share a mutualistic relationship (Bhutto and Lutty, 2012 ).
Early AMD is described as affecting primarily the RPE and Bruch's membrane. Changes in the RPE are thought to lead to oxidative stress and deposition of undegradable material between the RPE and Bruch's membrane, where it can build basal deposits and large drusen. However, drusen formation can also occur as a result of normal physiological outflow stopped by a barrier yielding particle fusion and formation of lipoprotein-derived debris, which does not have to be oxidized. This "response-to-retention" model reflects the likely source of soft drusen and basal linear deposits more accurately .
Together with increasing thickness of BM with age, these deposits are responsible for diminished transport of nutrients and metabolites through the blood-retinal barrier leading to more oxidative stress in the retina-choroid complex. Finally, these cumulative reactions may result in (dry) AMD. In this scenario, the main initiator is supposed to be the RPE, but meanwhile the occurrence of deposits and drusen was also correlated to the capillary layer of the choroid, the choriocapillaris. It was found that deposits often form at the pillars between single CC vessels (Kochounian et al., 2009; Lengyel et al., 2004; Sarks, 1999) , where a rapid removal of the material by the bloodstream is inhibited. A concurrent thinning (Margolis and Spaide, 2009 ) and loss of capillaries with age is discussed controversially (Jonas et al., 2014) , but would further lead to impaired blood perfusion (Grunwald et al., 1998) and probably also to additional waste accumulation in BM. This impaired blood perfusion is further increased with AMD (Machalinska et al., 2011; Metelitsina et al., 2008; Mullins et al., 2011) . Others found elevated levels of circulating endothelial cells as a marker of chronical vascular dysfunction in both wet and dry AMD patients (Machalinska et al., 2011) .
In our opinion, in wet AMD, the loss of the CC is counteracted by the formation and growth of new blood vessels into the p-values for transitions between stage II and V were not statistically significant because of the small sample number. Abbreviations: CC choriocapillaris; CNV, choroidal neovascularization; GA, geographic atrophy; RPE, retinal pigment epithelium. Abbreviations: AMD, age-related macular degeneration; BM, Bruch's membrane; CC choriocapillaris; GA, geographic atrophy; RPE, retinal pigment epithelium.
subretinal space where they should substitute the CC function, probably leading to longer survival of the RPE and retina, as indicated in Fig. 6 and Supplementary Fig. 2 . Unfortunately, these newly formed blood vessels are often stunted and unfunctional and instead of restoring the transport of metabolites to and from the retina, they promote blood leakage, accumulation of extracellular matrix and the invasion of macrophages and finally lead to scar formation and vision loss (Fig. 6, Supplementary Fig. 2 ). Our suggestions concerning the extended survival of retinal layers with early CNV are only based on 2 sections investigated in this work and will thus not be discussed further. However, they are in line with the excellent previous work that showed that CNV is a stereotypic and nonspecific wound healing response to a specific stimulus, here AMD (reviewed in Grossniklaus and Green, 2004) .
The scheme of degenerative stages
We graded the different eye samples from control and AMD donors according to a scheme, which was adapted from the groundbreaking work of Sarks (1976) . She used sections stained for different BM markers to investigate the influence of basal deposits on retinal degeneration. Accordingly, her scheme of 6 degeneration stages included (I) no deposit, (II) patchy deposits, (III) thin continuous deposits, first clumping of pigment, (IV) thick continuous deposits with occult CNV, (V) basal deposits with loss of the overlying RPE (GA), and finally (VI) disciform degeneration in classic CNV. This scheme has been adapted by different groups before, yielding comparable data sets acquired by different methods (Rudolf et al., 2013; Vogt et al., 2011) .
The progression of degeneration in this work was graded in 5 stages and as a function of the RPE and retinal damage rather than deposit formation. Nevertheless, the progression of stages was intriguingly similar.
Note that the terms "occult" and "classic" CNV are derived from a fluorescein angiography-based classification system. They were originally defined as areas with "poorly-defined" or "well-demarcated choroidal hyperfluorescent" margins, respectively (as defined by the Macular Photocoagulation Study Group [1991, 1996] ). Meanwhile, histologic data and multimodal imaging devices, such of BM was measured. Areas where both layers were lost were labeled violet in the diagram in part (B). Areas where both layers were present were labeled green. Areas where only the RPE was lost whereas the underlying CC was still there were labeled red. Vice versa, areas where the RPE was still there but the underlying CC lost were stained blue. (B) The diagram shows the mean values of the previously mentioned 4 situations per stage. Controls and stage I sections thus show both the surviving RPE and CC in over 70% of the area investigated. There are no areas where both layers were missing; however, in about 13% (control) and 29% (Stage I) the CC was missing although the RPE was still there. Also stage III, the initial stage of wet AMD still showed a high amount of viable RPE and CC (over 50%), but the CC was already highly impaired (40% þ 5% where both layers are already completely lost). In the late stages of AMD (IV, V), most of the areas investigated had completely degenerated (violet). Depending on the AMD type either the RPE (dry AMD; IV) or the CC (wet AMD; V) was additionally affected more severely. Control (c) n ¼ 10 areas of 5 donors (10/5); I, n ¼ 1/1; II, n ¼ 9/ 7; III, n ¼ 1/1; IV, n ¼ 5/5; and V, n ¼ 4/3. (C) The scheme of degenerative stages is presented below the diagram to illustrate the given order of stages for better understanding (see digital version for color images). Statistics are given in Table 7 . Abbreviations: AMD, age-related macular degeneration; BM, Bruch's membrane; CC choriocapillaris; RPE, retinal pigment epithelium. (Curcio et al., 1998; van der Schaft et al., 1992) . as spectral domain optical coherence tomography (SD-OCT), show more clearly the lesion composition with wet AMD. Thus, a new classification system has been proposed by Freund et al. (2010) and should be adapted regularly according to the newly emerging criteria. This classification system is based on 3 different types of CNV: (1) Type 1, vessels confined to the sub-RPE space; (2) vessels proliferating through the RPE into the subretinal space; and (3) intraretinal neovascularization. Although we used the definitions used by Sarks (1976) , we also included the new nomenclature in the hope that it will spread when used regularly.
The impact of capillary loss
Loss of CC vessels was observed in all investigated stages, but was more pronounced with late AMD. It was unexpected that control donors also showed loss of capillaries in about 13% of the investigation area. However, increasing variability of CC density, including up to 50% loss in CC in the 10th decade of life (Ramrattan et al., 1994) has also been observed before and would suggest that loss of capillaries with age may be an initiating factor of AMD, thus also making dry AMD a vascular disease (Friedman, 1997; Machalinska et al., 2011; Verhoeff and Grossman, 1937) . Also McLeod et al. (2009) investigated the border regions of macular degeneration in comparison with healthy controls and likewise found loss of a viable CC in alkaline phosphatase stained eyes with GA but even more with CNV. In Fig. 3 of McLeod et al. (2009) they also show initial loss of CC in controls. The same is true for Curcio et al., (2000) who investigated RPE and CC atrophy in peripapillary regions of non-AMD donor eyes. They also found preliminary but unsuspicious choriocapillaris loss in areas with an otherwise normal RPE. Mullins et al. (2011) performed immunohistological investigations on cryosections of early AMD donors and found a decreasing CC density and increased accumulation of deposits with AMD compared with controls. By differentiation of viable (UEA-1 positive) and non-viable "ghost" vessels they also showed that drusen density was negatively correlated to healthy CC density but positively correlated to CC death. But whether drusen formation was the cause or consequence of CC death could not be answered by their studies. Our data are also in accordance with this excellent publication. Although we did not investigate the EEA-1 or alkalinephosphatase status of our capillaries, we were able to judge CC health by endothelial cell ultrastructure and determined an increasing loss of viable capillaries with age and AMD by measuring significant changes in CC area, length, and fenestration, which is also in accordance with McLeod et al. (2002) .
Although an intense correlation of basal depositions with AMD stages was not intended in this work, the presented data show that a continuous low layer of basal deposits could already be involved in CC loss and AMD onset, and huge drusen might only be a severe form of this condition. Thus, we suggest that CC loss is actually the cause, rather than the effect of drusen. This is also in accordance with the hypothesis that severe deposits grow close to pillars and already impaired CC vasculature. Further outstanding work on deposit formation, composition, and impact on RPE and CC loss in AMD can be obtained in previous publications, (Curcio and Millican, 1999; Lengyel et al., 2007; Russell et al., 2000; Sarks et al., 2007; Spaide and Curcio, 2010; Spraul et al., 1998) .
Meanwhile, gene expression analyses demonstrated a clear decrease in the expression of endothelium-expressed genes in eyes of early AMD donors with concomitant increase in RPE-related genes (Whitmore et al., 2013) . This work further suggests loss or dedifferentiation of choroidal endothelial cells before the loss of the RPE (Whitmore et al., 2013) .
Impact of the RPE and the value of investigating transitions
As expected and in accordance with the literature, we found a longer survival of the RPE and predominant loss of the CC in CNV and RPE loss with surviving CC in GA. Interestingly, the RPE of stage II in GA donor eyes was more highly impaired compared with the RPE in stage II of CNV donors (Fig. 7) implicating that the progression in either direction, wet or dry, can already be foreshadowed in areas with early degeneration (stage II). Thus, investigation of transitions between early stages I or II to later stages III, IV, and/or V have to be analyzed more thoroughly to understand the regulatory events leading to either dry or wet AMD.
However, the transitions were mostly very abrupt (<50 mm distance) and a clear transition zone between surviving photoreceptor and retinal scarring could hardly be observed. Such abrupt transitions with AMD-like changes in the retinaeRPEeCC complex were also shown for age-related peripapillary chorioretinal atrophy of eyes without AMD (Curcio et al., 2000) . Thus, the first 200 mm of each stage had to be investigated instead and correlated to each other but also to more central areas of each zone. And indeed, values taken at either side of the transitions did differ from values taken in the central parts of the different stages (e.g., the RPE loss was more severe in central parts of a stage compared with its border region to a healthier area, data not shown). The data show the importance of investigating early stages of AMD and their transitions to end stage degeneration, as it is only here that the possible reasons of the progression of the disease become visible. But note that it is only an assumption that the margins of the lesion represent a directional or temporal intermediate between health and disease, as this is not really known. 
Strength and weaknesses of the study
Sample number: Although this study investigated only a small number of donor eyes, the data of the single donors were investigated with high accuracy using light and electron microscopy and they nicely represent a common behavior of degeneration in the RPE and CC of AMD donor eyes. However, statistics applied in this work should be handled with care because of sample size, extensive mixed statistical approaches accounting for dependencies, as those performed by Vogt et al. (2011) were not applicable. Instead, linear regression analyses account for CC and RPE dependency in the different stages.
Reproducibility: Nevertheless, the values for BM thickness and basal deposits (Ramrattan et al., 1994; Spraul et al., 1996) , density of CC vessels (Mullins et al., 2011) and the correlation of RPE and CC loss (Bhutto and Lutty, 2012; McLeod et al., 2009 ) investigated here were very close to results published before by the experts in this field. This shows the high reproducibility of our work in comparison with other morphologic methodologies but also with clinical imaging techniques like optical coherence tomography (OCT) (Brown et al., 2009) or angiography (Curcio et al., 1998) , which can also be applied to donor eyes. Thus, a correlation of different light, fluorescence, and electron microscopical work is of high value.
Postmortem effects: Note that postmortem times could affect ultrastructure especially that of blood vessels yielding collapsed lumina or invisibility of fenestrations. However, this would affect both controls and AMD donors, and it is not the case here, as shrunken vessels mostly show still intact margins like cell membranes, fenestration and a basal lamina, and appear thus morphologically viable (Fig. 3) . In addition, they are facing neighboring intact vessels without damage. Besides, the approach used in this work is not solely based on vessel lumen area but addresses the whole CC layer integrity ("length/BM"), which would not be changed by postmortem artefacts. Both approaches show an about 60% loss CC in AMD compared with controls.
Correlative light and electron microscopy: The combination of light and electron microscopy in neighboring sections of the same tissue block is only possible in plastic sections (here epon) and was a great plus, as both the overview information and the ultrastructural resolution complement each other. They show per se an excellent contrast and ultrastructure compared with stained paraffin or frozen sections. Thus, ghost vessels can be recognized without further staining. However, other cell types, such as those present in BM, can only be fully addressed with antibody labeling which was not performed here. In addition, all histologic analyses represent only one stage in time, thus a progression over time cannot be addressed by either of the discussed methods.
Grading: Our grading primarily addressed the presence of cell layers rather than the viability and/or morphology of these cells. However, it is an estimate of where RPE cells in particular were still viable enough to remain at their destined position, and where organelles like the melanosomes could still participate in antioxidative defense and retinal survival.
Nevertheless, the work shows a practicable method for the investigation of AMD progression. It addresses the importance of investigating border areas between healthy and atrophied regions in AMD samples. With this approach, we showed that loss of choriocapillaris vessels with age occurs and could serve as an indicator and prevalence factor for AMD.
Summary
Initial CC breakdown is shown to precede RPE and retinal degeneration, as judged from the comparison of control and AMD sections in different stages of destruction. Thus, AMD is presumed to be a vascular disease as has already been postulated before (Friedman, 1997; Verhoeff and Grossman, 1937) . Special emphasis should be laid on AMD sections where different stages of degeneration pass over into each other. By comparing these interfaces using the given approach, a possible sequence of degenerative steps with aging and AMD can be revealed.
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